Introduction and Site Description

Setting and Background
[2] The left-lateral Garlock fault is one of the principal active strike-slip faults in California and extends about 250 km from its intersection with the San Andreas fault to the southern end of Death Valley (Figure 1 ). It forms the physiographic boundary between the Mojave block to the south, and the Basin and Range and Sierra Nevada provinces to the north. The Garlock fault has been described as an intracontinental transform fault that may help accommodate east-west extension in the Basin and Range province relative to the Mojave Block [Davis and Burchfiel, 1973] . The fault is believed to have become active during the late Miocene [Carter, 1971] and has between 48 and 64 km of left-lateral displacement [Smith, 1962; Smith and Ketner, 1970; Davis and Burchfiel, 1973; Carr et al., 1993] .
[3] McGill and Sieh [1991] divided the fault into three geometric segments: The western segment of the Garlock fault is defined from where the fault intersects the San Andreas fault in the ''big bend'' region eastward to the 3.5-km-wide Koehn Lake releasing step-over (Figure 1 ). This segment strikes generally northeast and is about 100 km long. The central segment of the Garlock fault strikes more east-northeasterly and extends eastward from the step-over at Koehn Lake to a 15°bend in the fault near the Quail Mountains, a distance of about 105 km. The eastern segment of the Garlock fault strikes nearly eastwest and extends about 55 km to the southern end of Death Valley.
[4] The Garlock fault has produced no large surface rupturing earthquakes during historical time. Consequently, our knowledge of the recurrence of large earthquakes on the Garlock fault relies entirely on paleoseismological studies. Along the central reach of the Garlock fault, few sites have yielded data on the timing and recurrence of paleoearthquakes. Burke [1979] and Burke and Clark [1978] document evidence for 9 -17 events during the last 14,700 ± 130 years, at a site near Koehn Lake, yielding a long-term average recurrence interval of 860-1600 years, with no constraints on the timing of individual events. McGill [1992] documented four paleoearthquakes on the Garlock fault in Searles Valley and showed that the most recent earthquake was younger than a radiocarbon date within the range 1490 -1810.
[5] The El Paso Peaks paleoseismic site was first studied by McGill and Rockwell [1998] , and it is the focus of this study. In their study, McGill and Rockwell [1998] found evidence for five well-resolved earthquakes during the past 5000 years. They also found evidence suggesting the possibility of three additional events, although evidence for these earthquakes was considered weak. The average recurrence interval was calculated to be 700-1200 years. Individual recurrence intervals were thought to be highly variable, ranging from as little as 190 years to as much as 3400 years. Preferred ages of the well-resolved events were placed at A. D. 1790, A.D. 1600, A.D. 1000, A.D. 160 , and 3145 B.C. for events Y, W, U, Q, and K, respectively. The events with weaker evidence had preferred ages of A.D. 385, 1385 B.C., and 2600 B.C. for events S, O, and M, respectively. Throughout this text, specific details of the McGill and Rockwell [1998] study will be described when the observations and results are compared with those of this study.
Purpose of This Study
[6] The primary goal of returning to the El Paso Peaks site was to obtain a longer record of paleoearthquakes at the El Paso Peaks site. The acquisition of a long earthquake record is highly desirable, because such data provide the basis for characterizing the temporal behavior of faults through time. Historical records and seismicity have proven inadequate to describe recurrence along faults because, particularly in California, the historic record often encompasses at most one or two previous earthquake cycles. We returned to the El Paso Peaks site because a combination of factors such as exceptionally well bedded stratigraphy, laterally extensive and correlatable units, a well-dated section, and a relatively complete stratigraphic record has made the El Paso Peaks site an ideal place to conduct paleoseismological studies. This study has significantly extended the history of paleoearthquakes at this site and has allowed us to make inferences about the temporal behavior of the Garlock fault.
[7] The second goal of this study was to collect additional evidence for the paleoearthquakes recognized by McGill and Rockwell [1998] . Specifically, we intended to look for corroborating evidence for the events that were considered to have weak evidence (events S, O, M), as well as events that may have been missed due to gaps in the stratigraphic record of the original trench. Event recognition and the acquisition of a complete event chronology are critical if one is to use paleoseismic data as a basis to test competing recurrence models. Furthermore, some workers have noted that because of the subjective nature of paleoseismology, errors stemming from misinterpretation and uncertainty in field observations need to be minimized [Schwartz, 2000] . We recognize that paleoseismology is fundamentally an observational science and that by increasing the number of independent observations of evidence for events, we effectively decrease our uncertainty in the paleoearthquake record. By reexamining event evidence observed in the original trench, by extending and deepening the original trench, and by creating additional exposures, we were able to accomplish this goal.
[8] Finally, during historic time, several large, surfacerupturing earthquakes including the 1872 M 7.6 Owens Valley earthquake [Beanland and Clark, 1994] , the 1992 M 7.3 Landers earthquake, and the 1999 M 7.1 Hector Mine earthquake have occurred both north and south of the Garlock fault within the Eastern California Shear Zone (ECSZ). These earthquakes as well as paleoseismic studies within the region have led to the suggestion that earthquake occurrence within the ECSZ may be clustered [Rockwell et al., 2000] . The lack of an identified through-going fault within the ECSZ that crosses the Garlock fault has led to the suggestion that the Garlock fault may interact with faults of the ECSZ [Peltzer et al., 2001] . Therefore the behavior of the ECSZ may affect earthquake recurrence along the Garlock fault. Paleoseismic studies such as this one offer the only way to understand the long-term behavior of the Garlock fault and provide a basis from which such claims of fault interaction can be evaluated.
Site Description and Methodology
The El Paso Peaks Paleoseismic Site
[9] The El Paso Peaks paleoseismic site is located near the eastern end of the 3.5-km-wide dilational step-over that forms the Koehn Lake pull-apart basin (Figure 1 ). The trench and exposures are located across a small playa (Figure 2 ), about 2.3 km west of where Highway 395 crosses the Garlock fault. The maximum dimensions of the playa are about 75 m long by 50 m wide. The playa is bounded to the northwest by the El Paso Mountains and on the southeast by a shutter-ridge composed of older, gravelly, alluvial fan deposits. The playa is blocked from freely draining to the northeast by a small, Holocene alluvial fan. The ephemeral stream that forms the alluvial fan is also the primary source of the sand and silt strata that make up the playa sediments.
[10] Near the trench site, the Garlock fault generally strikes east-northeast, between N°63 and 67°E. Although the site is located within the Koehn Lake step-over, McGill and Rockwell [1998] note that at the longitude of the trench site, the fault strands that run along the northwest side of the Koehn Lake basin are the only faults with geomorphic evidence of Holocene displacement (Figure 1 ). Interpretation of aerial photography reveals that west of the trench site, this strand of the Garlock fault is geomorphically expressed as a single primary trace. About 200 m west of the trench site, the fault splays into two or more traces (Figure 2 ). These parallel traces continue for about 2 km eastward before merging back into a single fault trace. The northern strand appears to be the active strand, as it exhibits geomorphology indicative of active strike-slip faulting in the form of offset and deflected streams, as well as beheaded channels. The primary evidence for the southern strand being less active comes from a stream about 1 km east of the trench site that is offset about 100 m by the northern fault strand, but is not measurably offset by the southern fault strand. In contrast to the northern fault strand, the southern strand lacks clearly offset or deflected streams, a further indication of its subdued activity.
[11] McGill and Rockwell [1998] hypothesized that the playa formed by being dammed by the prograding alluvial fan to the northeast of the playa, which blocks the site from freely draining. While this may be a factor that controls the impoundment of the playa, the geologic relations in the trench as well as the geomorphology in the area of the trench site indicate structural control of the basin in which the playa is located. Figure 3 and auxiliary Figure A1 1 show that most of the units affected by faulting in the trench are faulted down to the north by northeast striking faults. About 100 m west of the trench is a fault scarp that cuts a small fan with down to the south vertical displacements. The expression of this fault scarp appears to diminish in size as it continues to the east. We observed that both the faults with down-to-thesouth vertical displacements and down-to-the-north vertical displacements are oriented more northerly to the average strike of the Garlock fault and accommodate a vertical component of slip, giving the impression of a small faultbounded, rhomb-shaped depression. Furthermore, the downto-the-north displacements that we see in the trenches are not reflected anywhere else along this stretch of the fault, which exhibits mostly strike-slip geomorphology, with perhaps a small component of down-to-the-south displacements. Given this observation, and the observation that the northern strand of the Garlock fault appears to be more active east of the playa, it appears that the playa occupies a small pull-apart basin that has formed in a releasing left step along the Garlock fault.
Field Methods
[12] In order to have correlative stratigraphy and a mutual event chronology between the two studies, we reexcavated the trench of McGill and Rockwell [1998] , which we refer to as trench 1, extending its length as well as its depth. The new trench (trench 2) was excavated to a depth of 7.5 m and was about 37 m long. This was nearly twice as deep and twice as long as the original trench (trench 1). After the trench was excavated, the walls were cleaned to remove trench smear and gouges created by the backhoe. Contacts were lightly etched on the wall, and a string grid, using 50-cm-high by 100-cm-wide panels, was strung along the length of the trench. Each grid panel was then photographed, and the geologic relations were logged on the photographs at a scale of >1:10. The trench logs were constructed by scanning each photograph and digitally orthorectifying each image to remove distortion imparted by the camera lens. The rectified images were then assembled into a photomosaic, and line work was drafted on the image (see Dawson [2000] for more details).
Additional Exposures
[13] Another aspect of this study involved creating multiple exposures of the faulted stratigraphy. We realized after our study was underway that, although the area we had exposed in trench 2 was over 3 times greater than that of McGill and Rockwell's [1998] trench 1, we had exposed very little new stratigraphy that would allow the recognition of older events. Consequently, we realized another phase of trenching would be required if we wanted to find additional events.
[14] Extending the trench to still greater depth required widening and benching the upper levels of the trench. We excavated and logged these upper levels of the final trench in phases in order to maximize the number of exposures. Figure 4 is a photograph showing some of the auxiliary exposures that were created prior to the final excavation. While not all of the exposures were completely logged, all were cleaned and examined, and the critical relationships were documented.
Stratigraphic Relations
Stratigraphy
[15] The stratigraphy at the El Paso Peaks site is composed of distinctive, individual units that consist predominantly of graded sand and silt beds. The playa sediments consist of graded beds, with the coarser fraction forming the lower part of the unit and fining upward. Individual strata range in thickness from a few millimeters to tens of centimeters and are interpreted to represent individual flood events or different pulses of a single flood event.
[16] Near the southern edge of the playa, the playa sediments interfinger with poorly sorted colluvial deposits derived from the shutter-ridge. To the north, the playa sediments interfinger with sorted sand and gravel units of the small alluvial fan that forms the northeastern boundary of the playa (Figure 3) . Many of the playa units or sequences of units are distinctive and laterally continuous, making it relatively easy to correlate these beds across the length of the trench and from exposure to exposure. Figure 5 is a composite stratigraphic column of trench 2, measured at meters 18-19 (east) and 23-24 (west) , with approximately 9 m of stratigraphic section.
Stratigraphic Completeness
[17] In paleoseismological studies, the issue of stratigraphic completeness is important. Erosional events can remove deposits where evidence for faulting events is located, erasing evidence of that faulting event. Similarly, intervals of nondeposition can obscure the paleoseismic record by not allowing enough resolution between event horizons to be able to distinguish between two or more surface ruptures.
[18] At the El Paso Peaks site, we feel there is a fairly complete stratigraphic section to record evidence for paleoearthquakes. First, there is very little evidence for surface erosion at the site. This is as expected, since the playa is a Colored units represent areas above event horizons which have created stratigraphic pinch-outs due to folding and faulting. Dashed black line is outline of trench 1.
closed depression and represents local base level. Second, soil development, which would indicate extended intervals of slow sedimentation rates, is limited to a few units with vesicular A horizons (units 110, 118, 130) , most of which only encompass the upper few centimeters of the individual unit. Also, extensive bioturbation, another sign of nondeposition, is limited to the margins of the playa. Consequently, we feel that the stratigraphic record at the El Paso Peaks site is fairly complete over the past 7400 years and thus should preserve a complete record of faulting events that have ruptured the playa surface.
Collapse Features
[19] The presence of collapse features is discussed by McGill and Rockwell [1998] and is a documented process along portions of the Garlock fault in Fremont Valley [Pampeyan et al., 1988] , and to the east in Searles Valley [Zellmer et al., 1985] . Clark [1972] observed collapse features that formed as a result of surface faulting following the 1968 Borrego Mountain earthquake. However, others have observed that these features can form spontaneously either activated by groundwater withdrawal or during flood events where water percolates down preexisting faults or fractures not related to a known earthquake [Pampeyan et al., 1988; Zellmer et al., 1985] . Therefore there exists the potential that a collapse pit could be misinterpreted as an event horizon, making the distinction between collapse features and tectonically created features such as fissure fills important.
[20] Collapse features can form by subterranean erosion (piping) of water along preexisting fractures, which erodes material and leads to the localized collapse of the surface. Clark [1972] proposed a conceptual model of how collapse features form, based on observations following the 1968 Coyote Creek earthquake. The process begins with the formation of fractures by an earthquake, or by groundwater withdrawal as noted by Pampeyan et al. [1988] . Storm events lead to the percolation of surface water down fractures, which erodes sediment and creates a subterranean void. The void eventually collapses, creating a depression at the surface, and over a period of time, the newly created fissure fills with sediment.
[21] Between meters 16 and 19 in trench 2 we found what appears to be, at least in part, a collapse pit. Most of the relations that define the collapse pit are located on the west wall of trench 2 (Figure 3 and Figure A1 ). Apparently this feature had a steep margin, which the trench intersected, as most of these features are missing on the east wall, a distance of approximately 1 m away. Figure 6 is a closeup of the stratigraphic relations from the west wall of trench 2, with the vertical separation that postdates the collapse pit and the capping units 152 and above removed and reconstructed in order to see the pit in its original configuration. In the trench exposure, the collapse pit has relatively steep margins, except near the top where the margins shallow to what was a paleosurface before the deposition of unit 152. At meter 17 -17.5, a well-developed fault zone (fault C) that has experienced repeated movement dissects the collapse pit and forms part of the margin on the south side. Figure 6 shows that the vertical displacements along faults A and C predate the formation of the collapse pit, and the original stratigraphic horizon to which they ruptured up to, having been eroded away. Evidence for this can be seen at the top of faults A and B, which are truncated by the units that fill the collapse pit. It is likely that the earthquake that created these faults also led to the development of the collapse pit. The pit widens near the top, which is probably the result of the pit walls eroding back, before the pit was filled, over an unknown period of time.
[22] The collapse pit is filled by two types of material of which one consists of blocky rubble, labeled ''rubble zone'' ( Figure 6 ). Units 166 and 168 form a large block of material that has remained largely intact. Above these units, smaller blocks that we were not able to correlate to units outside of the pit form an irregularly shaped body, which is bounded on the north by fault strand C. Around meter 18.5, the rubble zone fills an area where piping appears to have eroded into units 186-230, creating an overhang.
[23] The other type of fill material is bedded silt and clay strata varying in thickness from less than 1 cm to as much as 20 cm, forming a $1.5-m-thick sequence. These units were probably deposited in storm events, when sediment was settled out of suspension from floodwaters.
[24] Several lines of evidence point to the feature at meters 16-19 having been formed by collapse, rather than as a simple earthquake-generated fissure fill. The most compelling evidence is that between units 168 and 220 there is between 30 and 70 cm of missing stratigraphic section, which indicates a missing volume of material. This suggests that sediment was removed, probably by subterranean piping of water. The discordant dips, shown on Figure 6 , between units 168, with an apparent dip to the north, and units 220 and 230, which have apparent dips that change from north to slightly south, are also anomalous. This suggests collapse of the roof of the subterranean void, where the higher units, such as 168, came to rest at a different apparent dip than units 220 and below. Finally, we interpret a contact, labeled ''erosional unconformity'' in Figure 6 , to be the bottom of a piping channel, through which water flowed and from which many of the stratigraphic units between 220 and 168 were eroded. This interpretation is further supported by the fact that this erosional contact cuts across depositional units, Figure 4 . Annotated photograph illustrating some of the additional exposures that were created and documented. Note the location of trench 2, which had been backfilled at the time this photograph was taken. Trench 2 was later reexcavated to create the final and deepest exposure. ESE including unit 220, forming an angular unconformity. Also, several faults with several centimeters of displacement terminate at the level of the contact labeled ''erosional unconformity'' in Figure 6 , apparently with the true upward terminations eroded away.
[25] We believe that the geologic relations in the trench indicate that Clark's [1972] model of collapse feature formation is a reasonable approximation of how this collapse feature formed. The faults found near the filled pit provided the mechanism needed to allow water to flow underground, eroding a subterranean channel (or pipe) that later collapsed. The rubble zone is material that fell into the pit created by collapse of subterranean pipe, contemporaneously or shortly after the collapse of the surface. Finally, the laminated fill sequence represents an extended period of time as the pit gradually filled in during a sequence of flooding events, before unit 152 was deposited across the surface of the playa, capping this feature. While we cannot rule out the possibility that every fissure fill we observed is not (in part) a collapse pit, we can say that we observe no collapse pits that are not coincident with a paleoearthquake event horizon identified from other lines of evidence. Therefore, while we believe collapse pit formation can occur at the El Paso Peaks site, we do not believe that it has led to a misinterpretation of the paleoearthquake record.
Event Recognition and Faulting Events
Event Evidence
[26] We used several lines of structural and stratigraphic evidence to identify paleoearthquakes at the El Paso Peaks site. Some types of earthquake-related evidence are more reliable indicators of paleoearthquakes than other lines of evidence. For all types of event criteria, the evidence was considered especially compelling if the feature could be identified on both walls, and for most cases this was possible.
[27] Fissure fills were common in the trench exposures and usually provided a compelling indicator of past earthquakes. However, they could be less reliable if extensively overprinted by, or misidentified as, bioturbation. To be useful, one must be able to identify the ground surface to which the fissure opened at the time of the earthquake. At the El Paso Peaks site we were able to identify the event horizon reliably in nearly every case. An additional problem is the distinction between fissure fills and potentially nontectonic collapse pits.
[28] We regard upward terminations as event evidence to be problematic, particularly when vertical displacements along a fault were only a few centimeters. This is a documented phenomenon and has been previously noted to be unreliable in some cases [Bonilla and Lienkaemper, 1990; Fumal et al., 1993] . At the El Paso Peaks site, our observations suggest that there are at least two reasons why upward terminations can be unreliable indicators of paleoearthquakes. In some instances, vertical displacements decrease upward and strain is taken up as folding in successively higher units. In other instances, slip appears to be transferred along bedding planes to other faults. The playa sediments appear to be especially prone to this, given their well-bedded nature, which facilitates bedding-plane slip. However, our confidence in using upward terminations was greatly increased when vertical displacements below the termination were more than about 5 cm.
[29] The most reliable lines of event evidence we identified are buttress unconformities, where stratigraphic units pinched out against paleotopography created by an earthquake. We observe that both faulting and folding during an event creates topography across the normally flat playa surface. Any units deposited after the event will tend to thin or pinch out against the small scarps and folds on the playa, filling in the playa until it aggrades to a flat surface. We believe this is an extremely sensitive indicator of paleoearthquakes, because we observed buttress unconformities with individual faults that produced as little as 5 -10 cm of vertical relief across the playa. Thus we feel that we should be able to recognize any event that produced measurable vertical displacements across the playa because a unit deposited above the event horizon should thin or pinch out on the upthrown side of the fault. Conversely, the greatest potential for missing events would be cases in which two events are so closely spaced in time that the playa surface has not completely aggraded to a flat surface prior to a second event.
Faulting Events
[30] At the El Paso Peaks site, we identified six faulting events that are well resolved by good structural and stratigraphic evidence. In this section we will discuss the evidence for these events as well as the results of our reinterpretation of the event record described by McGill and Rockwell [1998] . Events common between the two studies retain the same event designations, using letters later in the alphabet for younger faulting events and skipping letters to allow for additional events that may be found in future studies. Newly discovered faulting events in this study have letters not used in the previous study. Evidence specific to each event is labeled in Figure A1 and the figures as the letter designation followed by a number. In Figure  A1 , we have retained the same numeric designations for features used as event evidence by McGill and Rockwell [1998] , to allow for comparison between the two studies. We have used higher numbers for new observations.
Event Y
[31] The elimination of event Y, described by McGill and Rockwell [1998] , is one of our most significant changes to the event record at the El Paso Peaks site. Event Y was originally based primarily on faulting and fracturing observed within a feature interpreted as a collapse pit that was thought to have formed after event W. Figure 7a shows a portion of McGill and Rockwell's [1998] trench 1 log centered on the proposed collapse pit, located on the east wall. McGill and Rockwell [1998] proposed the collapse pit interpretation in order to explain the steep dip of units 90 and 92 on the east wall of trench 1, in contrast to their nearly horizontal orientation on the west wall. The lack of clear bedding beneath units 90 and 92 was interpreted as a rubble zone similar to that shown in Figure 6 . Units 92-42 were interpreted as laminated fill, with units 90 and 92 deposited by floods that covered all or most of the playa. Units 78 and above were interpreted as being deposited by lesser rainfall events in which sediment eroded from the shutter-ridge nearby washed into the pit. The units (78 -42) that filled the proposed pit were offset or truncated on the south. This was interpreted as evidence for a faulting event that was younger than event W, because units 90 and 92 overlie the event W horizon.
[32] We conducted a three-dimensional excavation of this proposed collapse feature to better understand its three-dimensional geometry. Figure 7b is a composite photoimage of the three-dimensional excavation showing that the steeply dipping portions of units 90 and 92 were not laterally continuous, but rather tubular in shape and extended no more than 7 cm into the east wall of the trench. In Figure 7b we can see that units 90 and 92 pinch out against a scarp, with unit 112 and stratigraphically higher units affected by faulting. Stratigraphy thought to be unique to the collapse pit and originally labeled as units 78 and higher in trench 1 are instead laterally continuous with units 130 and above. Thus the faulting and fracturing originally thought to be younger than event W and labeled as event Y are, in fact, faulting from event W. We interpret the steeply dipping portions of units 90 and 92 to be deposits that filled an open burrow, which explains why the law of superposition does not apply in this case (units 90 and 92 are younger than the units that overlie them).
Event W
[33] We found many additional features that act as corroborating evidence for event W. Figure A1 and Figures 8 -12 document the new evidence for event W. We will not discuss evidence labeled W-1 through W-4, since McGill and Rockwell [1998] describe these. We begin our discussion with the feature labeled W-5 in Figure A1 . On the east wall of trench 2 between meters 22 and 22.5, there is an upward termination of a fault, which is capped by unit 102. The same fault down-drops units 110 and those below about 7 cm to the north. On the west wall, a filled fissure is located between meters 21 and 21.5, which is also capped by unit 102. Weaker evidence for event W exists at meters 27 and 28 on the east wall and meters 26 and 27 on the west wall ( Figure A1 ). Labeled W-6, this evidence consists of two upward terminations in the alluvial fan gravel on either wall. On the east wall, the fault clearly displaces unit 118 about 10 cm vertically. The fault continues up into the gravel but becomes more difficult to recognize and is obscured about 15-20 cm below what we identified as the event W horizon. On the west wall, sheared gravel along the fault was identified to within a few centimeters of the event W horizon. We estimate a 15-20 cm uncertainty in where the event W horizon is located within the gravels found in the northern end of the trench, due to fewer laterally continuous units to correlate across the trench. Nevertheless, the upward terminations labeled W-6 seem consistent with the event W horizon.
[34] The exposures that we excavated in the process of deepening trench 2 revealed additional evidence for event W. Figure 8 is a section from exposure T-2-UW-E, between meters 5 and 13. Between meters 6 and 7 is a fissure, labeled W-7. This fissure is about 40 -50 cm wide and is filled with unidentified pieces of rubble presumably derived from the faulted units on each side. The fissure is capped by unit 98, which pinches out above the fissure. Units 110 -144 are consistently down-dropped about 20 cm across this fissure. There is also evidence for lateral slip, since the thickness of units below unit 144 between meters 5 and 6 changes significantly from one side of the fissure to the other. Figure 7a is a log of a portion of trench 1 with evidence for event Y taken from McGill and Rockwell [1998] . Units shown shaded were interpreted to have been deposited in a collapse pit and then subsequently faulted by event Y. Figure 7b shows the three-dimensional excavation of this feature that shows units 90 and 92 actually being tubular in shape and units 78-42 correlative with units outside of the interpreted collapse feature. Scale varies in this mosaic due to three-dimensionality of the exposure, but the total width of the area shown is about 2.5 m. Dashed lines represent corners of 3-D exposure.
[35] Between meters 8 and 8.5 is another fissure that incorporates a tilted block consisting of units 110-120, which is again capped by unit 98 (Figure 8 ). Across this fault zone, units 110-152 have about 5 -8 cm of vertical separation.
[36] At meter 12, there is an upward termination of a fault that down-drops units 110-128 about 7 -10 cm. Unit 102 caps this fault and pinches out about 20 cm to the right of the fault, probably buttressing against paleotopography created during event W. On the same wall, between meters 17 and 18 (Figure 9 ), is another fault that terminates upward and is capped by unit 102, which thickens over the downdropped side of the fault. Unit 110 is vertically displaced about 7 cm to the north, and a rotated block of unit 110 is incorporated into a 20-cm-deep filled fissure.
[37] Exposure T-2-UE-E yielded several fault-related features that were attributed to event W (Figures 10a and 10b) . A fissure, labeled W-10, faults units 108 and below with about 40 cm of vertical displacement across the fault zone. Within the W-10 fissure a block of unit 110 has been assimilated into the fill. The block appears overturned and slightly higher in the section, relative to unit 110, about 10 cm to the north. We surmise that this block must have fallen in from the upthrown side of the fault. However, unit 110 on the upthrown side of the fault has subsequently been eroded away, with unit 112 being the stratigraphically highest unit visible on the upthrown side. Figure 11 is an oblique photograph of the same feature on the opposite wall, labeled W-12. The same relationships are preserved, with the exception that in this case the block of unit 110 that is in the fissure is derived from the down-thrown block. Also on the T-2-UE-E log ( Figure 10b ) is a $50-cm V-shaped fissure (W-11); we identified pieces of units 110 and 112 within its margins. Units 110 and below are vertically displaced about 5 cm along this fault. Unit 102 caps this feature, although the top part of the unit has been eroded away by the unit 98 gravel. About 1 m to the right of feature W-11 is a fault with minor vertical displacement ($5 cm). The displacement appears to die out near the event U horizon (top of unit 130), but a fracture can be carried up into unit 110. The fracture appears not to continue into unit 98. Perhaps this fault was reactivated with minor slip during event W.
Event U
[38] Deformation attributed to event U forms a zone of deformation with good structural and stratigraphic evidence between meters 6 and 27 ( Figure A1 ). Within this interval, event evidence is expressed as both brittle faulting and a broad zone of monoclinal folding. Unit 128 consists of four individual units that buttress against the scarps and paleotopography created by this event. Each subunit appears to pinch out of the stratigraphic section near an individual fault that ruptured in event U, on the upthrown side. Apparently, the playa surface filled in discrete episodes in a step-like fashion, as each subunit was successively deposited against Figure 8 . (opposite) Photomosaic of trench from exposure T-2-UW-E, meters 5 -13. Evidence for event W is expressed at three locations, labeled W-7, W-8, and W-9. Evidence for event U (label U-10) can be seen at meters 11-12 as folding and an upward termination. Figure 10a is an event W fissure fill located between meters 8 and 9. Note block of unit 110 that has fallen in from the upthrown side and is incorporated into the fissure fill. Figure 10b shows filled fissure (labeled W-11) from exposure T-2-UE-E. ESE 10 -12 the next higher scarp on the uplifted playa surface. McGill and Rockwell [1998] discussed evidence for event U labeled U-1 through U-5, so we begin our discussion with event evidence labeled U-6, which is found between meters 17 and 18 of trench 2 ( Figure A1 ). On the east wall, a single fault trace that cuts unit 152 flowers upward into three faults. Two of these faults are clearly capped by unit 128, whereas the third fault reruptured in event W. A combination of folding and brittle faulting has vertically displaced units 130 and units below about 15 cm (with event W vertical displacement removed) across this 50-60 cm wide zone of faulting. On the west wall of trench 2, evidence related to event U is less obvious but still visible, with units 130-148 vertically displaced about 10 cm along a fault at meter 17.5 that ruptured only during event U. As with the opposite wall, this fault is overlain by unit 128, which is undeformed above this fault.
[39] Between meters 21 and 21.5 of trench 2 ( Figure A1 ), there is evidence of drag folding created by event U and labeled U-7. On the west wall, units 130 and 132 to the north of the fault are dragged up at the fault zone. Unit 128c thins and pinches out of the section completely about 60-70 cm to the south of this fault, presumably filling in the low topography created when movement on this fault created a small scarp at the surface of the playa. On the east wall there is little distinct evidence for event U at this location, with the exception of a downward increase in displacement along a fault that reruptured in event W.
[40] About 1.2-2 m north of U-7 is a thrust fault that slipped in event U, labeled U-8. On the east wall, this thrust fault displaces units up to 138 ( Figure A1 ). Above unit 138 the fault becomes blind and the style of deformation switches to folding, affecting units 138 -130 up to the event U horizon. Within unit 130 there is a back-thrust, which deforms unit 130 and terminates below unit 128c, which is undeformed. On the west wall, the thrust fault can be traced to within a few centimeters of the event U horizon. About 15 cm to the north, another thrust fault shallows with depth and roots into a bedding plane. This fault forms the north margin of a small, 25-50 cm wide horst, which is bounded on the south margin by an antithetic back-thrust. As with the ESE deformation on the east wall, this is overlain by units 128c and 128d, which are undeformed.
[41] One of the more interesting features in trench 2 is a paleo-mole-track, labeled U-9 in Figure A1 . Between meters 25 and 26 on the east wall, units 153 -130 are folded into an anticline. Over the fold axis, the top of 130 has been partially eroded away after being uplifted. Unit 128d pinches out to the north of the fold, having been deposited against the mole track sometime after event U, while Unit 128c completely buries the mole track. To the south of the fold, unit 128d also starts to thin near the mole track. It appears that unit 128d was deposited around the mole track, where the fold had tens of centimeters of relief above the surrounding playa surface. On the west wall, the structural and stratigraphic relationships are essentially the same, with units 130 and lower being deformed and units 128d and higher lying unconformably above it.
[42] The effects of left-lateral slip from event W are visible on the east wall, where the north margin of the mole track has been faulted out of the section. On the west wall, the north margin of the mole track is preserved, but most of the south margin of the mole track is missing due to lateral slip. It is likely that the two trench walls reflect the two halves of the same mole track that has been left-laterally offset along this fault, a distance of at least 1 m, as constrained by the width of the trench.
[43] The folding observed at U-8 and U-9 are the first of several pieces of evidence that indicate that event U occurred when the surface of the El Paso Peaks site playa was submerged, or at least saturated. In this area, a thrust fault displaces most units in a brittle fashion except near the horizon that represents the surface at the time of event U, which is defined by the abrupt transition from a fine clayey silt to a fine silty sand. The most likely mechanism for the shift in deformation style is that at the time of the event, the sediments near the surface were saturated, and responded to faulting in a nonbrittle manner. Additional evidence of event U being a ''wet'' event can been seen within unit 130, where in the coarser fraction of the unit, flame structures can be seen protruding upward (Figure 12) .
[44] The additional exposures that we excavated yielded several features that act as corroborative evidence for event U. Between meters 11 and 12 of T-2-UW-E (Figure 8) there is a fault that vertically displaces units 130-152, but not units 126 -128 (labeled U-10). Units 126 -128 thin over the fault before pinching out altogether near meter 11.
[45] Figure 13 is a photomosaic of meters 21 -24 of exposure T-2-ME-E. Here, three faults displace units 152 through 130. The two faults to the south of meter 22 turn into small back-thrusts within unit 130, clearly displacing the contact that distinguishes unit 130a from 130b. In this case, the silt and clay top of unit 130 is monoclinally folded and units 128c and 128d buttress against a paleoscarp created by the fold. The top of unit 130 is irregular and thins over the upthrown side, probably as a result of erosion following event U.
[46] This exposure shows additional evidence that the near surface may have been saturated with water at the time of the event. First, as in trench 2, the contact between 130a and 130b consists of small centimeter-scale flame structures that protrude into unit 130a, probably the result of strong shaking during an earthquake. More suggestive is a zone of disruption labeled ''liquefied zone'' in Figure 13 . Within this disrupted zone, near the top of unit 130, are two silt units about 3 -5 mm thick separated by a finer-grained silt about 10 mm thick. This distinctive package is intensely disrupted in this zone, which we interpret to be the result of liquefaction during event U.
[47] Exposure T-2-MW-E exhibits further evidence that supports an interpretation of liquefaction during event U. Figure 14a shows a fracture with no discernable vertical displacement that cuts units 152-130 but does not extend into unit 128. However, within unit 130 there is a warping upward of the subunits of 130, including the two minor silt units discussed above, which are truncated by unit 128. A possible explanation of this warping is that this is a liquefaction-related feature and that the warping was caused by over-pressurized water which escaped to the surface, warping the units upward around the vent.
[48] Figure 14b is a photomosaic from trench exposure T-2-UE-W, meters 21-22, showing additional evidence for event U, labeled U-12. As with the other examples, unit 130 is disrupted and vertically displaced along a fault with about 8 cm of vertical separation. In this example, the fault has reruptured, but vertical displacements from the subsequent event (event W) are less than 1 -2 cm. As with the opposite wall (T-2-UE-E), the upper silt layers of unit 130 appear to be affected by liquefaction with the units appearing disrupted in the fault zone.
Event R
[49] Event R is a newly identified event that was unrecognized in trench 1 by McGill and Rockwell [1998] . This was because in the section exposed in trench 1, there is essentially no stratigraphic resolution between the event Q and event R horizons, which can be seen between meters 3 and 16 in Figure A1 . Thus evidence between meters 3 and 16 could be related to either event R or event Q. The evidence that we present specific to event R comes from exposures north of meter 16, where sediments labeled unit 153 stratigraphically separate the horizons for events Q and R.
[50] In trench 2 there is suggestive evidence for event R between meters 22.5 and 24 on the east wall ( Figure A1 ) and between meters 21 and 22 on the west wall. On the east wall, there is a thrust fault (R-2) with about 15 cm of dipslip displacement, which cuts the lower part of unit 153. The dip of the fault flattens within unit 153 and displacement decreases upward. We were unable to trace the fault higher than the unit labeled 153e (R-2), although 153e does appear slightly folded above this fault. On the west wall, two vertical fractures cut most of the beds that make up unit 153, but are overlain by unit 153c. Suggestive evidence for event R comes from the feature identified as a collapse pit and was discussed in detail in section 3.3. The collapse pit clearly occurred after the deposition of unit 153 and before unit 152, which is coincident with the event R horizon. This suggests that the collapse pit could have formed in response to event R, where water flowing down tectonically created fractures created subterranean voids that later collapsed. Alternatively, the feature in Figure 6 could be a large fissure fill created in event R, making this some of the stronger evidence for this event.
[51] Figure 15a shows photomosaics from meters 14-17 of exposure T-2-MW-E and illustrates the best evidence for event R. The units labeled 153d-e were critical in our identification of event R, since the top of unit 153e has a distinctive pinkish color and is easily recognizable. In this example, units 153d-e are deformed by folding, which forms a syncline and a low-angle thrust fault, located on the right side of the fold axis. Unit 153d appears to have been at the surface, since the top of the unit is over-thickened within the core of the syncline. An unlabeled unit above unit 153e is undeformed. This unlabeled unit appears to infill a localized depression created by this event, since the unit is not laterally extensive, with the margins of the unit locally pinching out of the section.
[52] On the opposite wall (Figure 15b ), relationships in exposure T-2-MW-W are consistent with those described above. In this case, faulting has created an overturned fold in unit 153d, appearing as a Z-shaped feature shown in Figure 15b . Unit 153d appears to be slightly over-thickened, although not quite as extremely as in exposure T-2-MW-E. The units immediately above 153d are indistinct and may have been filling in a localized depression on the surface of the playa after the event. This is supported by the observation that the section between 153d and 153c reaches a maximum thickness above the fold and thins away from it. Unit 153c, which lies above 153d, is undisturbed by this faulting event.
Event Q
[53] As mentioned in the previous section, our identification of event R and the stratigraphic relations in trench 2 dictate that between meters 3 and 16, event evidence labeled as event Q by McGill and Rockwell [1998] could be related to either event Q or event R. This same evidence is relabeled Q/R-1 through Q/R-5 in Figure A1 . Where the two event horizons diverge near meter 16 we observed independent evidence for event Q. Evidence in the form of distinct upward terminations at the Q horizon, between meters 16 and 17 on both walls, is labeled Q-6 and Q-7.
[54] The primary evidence for event Q in trench 2 is stratigraphic evidence based on the pinch-out of a $1-mthick section of sediments, collectively labeled unit 153. We interpret this unit to have been deposited against a scarp that formed in response to faulting and folding during event Q. Much of the scarp-forming deformation from event Q is localized between meters 7 and 22. The event Q deformation appears to be restricted to faults south of the thrust fault at meters 20-21. Units in the footwall of this fault are flat lying, indicating relatively little deformation from events Q and later. Units in the hanging wall of this fault are tilted due to folding. Deposited over this fold, unit 153 thins, pinching out of the section completely by meter 15. Figure 13 . Event U upward terminations and buttress unconformity from exposure T-2-ME-E. Units 128c-d pinch out against the scarp created by event U. Evidence for liquefaction is labeled as ''liquefied zone.'' The open curve defines the event horizon for event U.
[55] We found little independent evidence for event Q in the additional exposures that were excavated during this study. This was due to the depth of the event Q horizon in the northern portion of our trench, which is below the level of the trench exposures. New evidence for either event Q or R comes from areas where the event Q and event R horizons are found at the same stratigraphic level; thus there is no way to distinguish between the two events. Figure 16 shows an example of event evidence that could be related to either Q/R from meters 12-14 of exposure T-2-ME-E. Unit 160 is dropped down by about 15 cm along a fault next to the label Q/R-10, while unit 152 is planar across this fault. Additionally, there is a thickness change across the fault between units 160 and 152 that is either the result of lateral slip, or sediment that has ponded against a scarp.
Event K
[56] McGill and Rockwell [1998] described evidence for event K, their oldest event, being limited to a single fissure fill that was exposed in a $2.5-m-wide zone near the bottom of their trench. The fissure from event K, labeled K-1 in Figure A1 , is found between meters 4.5 and 7 of trench 2. Additional evidence for this event (K-2) is found at meter 9 as an upward termination of a fault, which is capped by unit 230. On the east wall of trench 2, the three units directly below 230 are vertically displaced by about 4 cm. On the west wall above the fault, unit 230 is thickened slightly with the appearance of having filled in a small depression on the ground surface. It is this feature that increases our confidence that this upward termination is more than a fault simply dying out upward, since there appears to be a paleosurface that records a sedimentologic response to faulting. While McGill and Rockwell [1998] correctly observed that unit 238 capped the event K horizon, we observe that units 238 and 236 appear to be limited to the confines of the fissure. Unit 230 is the first identifiable unit that can be traced across the top of the K-1 fissure.
[57] We made two other observations in support of event K. First, on both walls, unit 230 thins between meters 7 and 9 (K-3). There is a slight inflection in the units below unit 230 near meter 9. To the north of meter 9, units below 230 are tilted less than those south of meter 9. We surmise that this folding occurred during event K and that the thinning of unit 230 is due to it being deposited across this fold. The other observation we made is related to the zone of faulting near the bottom of the trench between meters 8 and 9. The faults in this area flower upward into dozens of smaller faults, each with only a few centimeters or less of displacement. The most important observation we made about these faults is that many of them do not terminate, but rather switch deformation style from brittle faulting to folding. This folding is expressed as a slight warping of the units above the fault of only a few centimeters, similar in magnitude to that of the brittle faulting. We hypothesize that collectively, this transfer of strain from small individual faults to small folds contributes to the broad scale of folding that affects the section below unit 230. While upward terminations at multiple stratigraphic horizons could indicate additional paleoearthquakes between the event F and K horizons, the lack of other stratigraphic pinch-outs similar to unit 230 makes this less likely a possibility.
Event F
[58] Event F is the oldest event that we have identified at the El Paso Peaks site and was not recognized by McGill and Rockwell [1998] because evidence for event F is below the maximum depth of trench 1. The evidence for event F is found between meters 7 and 14 in trench 2. Between meters 11 and 12, units below 354 have been vertically displaced by 15 cm (F-3) on the east wall of trench 2 ( Figure A1 ) and in Figure 17 . The faults on which this displacement occurs are overlain by a $1-m-wide by 25 cm deep sequence of sediments (F-2) that appears to have filled in a small depression on the surface of the playa that existed shortly after event F. This feature may not be laterally extensive, since there is no evidence for it on the opposite wall.
[59] The feature labeled F-1, located between meters 9.5 and 10 of trench 2 ( Figure A1 ), may be a fissure fill related Figure 15a is a photomosaic of T-2-MW-E displaying evidence for event R. Unit 153d-e is synformally folded, with the south limb faulted over itself. This fold is capped by a $15-cm-thick unfaulted unit labeled as unfaulted graben fill. Figure 15b is a photomosaic from exposure T-2-MW-W, meters 15-16. Event R has created an overturned fold within units 153d-e. Units 153a-c cap these units and are undeformed by this event. Figure 16 . Photomosiac of exposure T-2-ME-E showing evidence for event Q/R. Note offset of unit 160, while unit 152 is unfaulted. to event F. In this example, material between two fault strands appears sheared or disturbed and is capped by unit 354. On the east wall, this fault was reactivated, but on the west wall there is between 5 and 7 cm of vertical displacement that does not continue above the event F horizon.
[60] Between meters 13 and 14 on the east wall of trench 2 is a zone with sediments that appears to be sheared (F-4) ( Figure A1 ). There are a few centimeters of vertical displacement across this zone, below unit 354, but the shear zone does not extend higher than the event F horizon. We consider this relatively weak evidence, although it is consistent with other evidence preserved for event F.
[61] As with some of the other events, we observed that deformation caused by event F has left a stratigraphic signature. Unit 354, which overlies the event horizon, thins to the south over the interval that we observed deformation for event F. Similar to the other events in which we observed thinning of units immediately above the event horizon, we believe that unit 354 was deposited over a scarp created by event F. This interpretation is tenuous since all of the units tend to thin within close proximity of the shutterridge. However, the units above and below unit 354 maintain a relatively constant thickness over the same distance, so it appears that this stratigraphic evidence for event F is valid.
[62] The last feature in trench 2 that may be related to event F is found between meters 7.5 and 8 and is labeled F-5 ( Figure A1 ). This 20 -25 cm wide fissure-shaped feature consists of a 30-cm-thick section of light-colored silts overlain by a 15-20 cm thick section of darker material that we were unable to correlate with units outside of this feature. We consider two possibilities for the genesis of this feature: One possibility is that it is a fissure that was created by event F and was filled in with sediments unique to it. The other possibility is that it represents a slice of material that has been translated laterally along the fault and may not be related to an individual event. We consider F-5 weak evidence for event F.
Uncertain Events
[63] McGill and Rockwell [1998] presented evidence for three additional events, labeled events S, O, and M, that they considered events with weak structural and stratigraphic evidence that may not be true earthquakes. During this study, we searched for corroborating evidence for these events along the many meters of additional exposures that were created in the process of excavating trench 2. We found no corroborating evidence for event S, O, or M along the length of trench 2. Furthermore, we found no evidence of these events in the auxiliary exposures to trench 2, indicating that the features associated with the weaker events observed in trench 1 are not laterally extensive. Taken together, the low-confidence events are not as likely to be paleoearthquakes.
[64] Where possible, we reevaluated the evidence presented by McGill and Rockwell [1998] for events S, O, and M and, in some instances, have alternative interpretations. For instance, in trench 1, the best evidence for event S was a possible fissure fill located at about meter 8 on the eastern wall of trench 2. This fissure fill has no counterpart on the west wall, which is why it was considered a low-confidence event. This feature was cut back to understand the threedimensional geometry of it. We found that it is a zone of bioturbation that extends about 15 -20 cm into the wall, with only two fault traces continuing up to the event U horizon. We believe that this feature is a product of bioturbation and not a surface-faulting event.
[65] McGill and Rockwell [1998] also present evidence associated with event S in the form of three upward terminations within unit 148, between their meters 18 and 20. The area that this would be in trench 2 is located at about meters 6 and 7 on the west wall. While we were unable to relocate these upward terminations in the trench 2 exposure, we did observe a fault that exhibits a downward termination of displacement above this locality within unit 138. Perhaps the upward terminations that McGill and Rockwell [1998] describe transferred slip across a bedding plane or low angle fault, explaining why there would be a downward decrease in slip for a fault above the upward terminating faults. These observations serve to further decrease our confidence that event S is a paleoearthquake.
[66] Several features associated with event O were also reexamined, resulting in different interpretations than those provided for trench 1. The most convincing evidence for event O presented by McGill and Rockwell [1998] is an apparent fault scarp that appeared to be draped by unit 168. This feature is located between meters 7.5 and 8 of trench 2 on the east wall. The east wall of trench 2 clearly shows unit 168 to be faulted. Above unit 168 is a thickened section with a sequence of finely laminated units, which are capped by unit 152. This may be a fissure related to events Q or R, labeled Q/R-9. This feature also corresponds to a possible event Q or R related fissure labeled Q/R-2 on the west wall.
[67] Finally, McGill and Rockwell [1998] observed that within the event Q fissure labeled Q-4 in Figure A1 , vertical displacement of unit 168 is negligible, while units below unit 168 are vertically displaced by 10 -15 cm. They suggest that this increase in vertical displacement is supporting evidence for event O. While the exposure in trench 1 did not expose the bottom of the Q-4 fissure, trench 2 did and reveals that the fissure does not root into a fault. Our logging shows that none of the units below unit 186 appears to be displaced. The apparent vertical displacement observed by McGill and Rockwell [1998] can be attributed to erroneous projections across the Q/R-4 feature.
[68] We found very little new evidence to support or contradict evidence presented by McGill and Rockwell [1998] for event M. We offer an observation that allows for explanations that do not require event M. On the east wall of trench 2 between meters 3 and 4, unit 270 is found about 2.5 m below the surface. This correlation is based on the distinctive appearance of unit 270 and the presence of unit 270 in nearly the same stratigraphic position on the opposite wall, between meters 4 and 5. On their trench log, McGill and Rockwell [1998] were uncertain of their correlation and the same unit is labeled as unit 230, although it is queried. If this unit is 270, it has profound consequences for event M, which is labeled M-1 on their log (not shown in Figure A1 ), since the event evidence would become more consistent with an event that is stratigraphically lower, such as event K. Thus at least one piece of event M evidence offered by McGill and Rockwell could be evidence for event K.
Radiocarbon Dating and Date Refinements
Radiocarbon Dating
[69] To date, 35 samples of detrital charcoal from the El Paso Peaks site have been radiocarbon dated. Of these 35 samples, 28 were collected and reported by McGill and Rockwell [1998] . During this study, we collected nearly 100 additional samples of detrital charcoal as candidates for 14 C analysis. Our sampling strategy focused on collecting samples from units not previously dated, although this did not preclude collecting samples from previously dated units as well, which is where the majority of the 100 samples were collected. One problem that was encountered was a paucity of detrital charcoal samples, especially from the lowermost units in the trench. Consequently, only seven new samples were submitted for dating at the National Science Foundation/Arizona AMS facility at the University of Arizona. Table 1 and Figure 18 show the results of the radiocarbon analysis for all samples dated from the El Paso Peaks site.
[70] The radiocarbon ages were calibrated to calendar ages using Oxcal, a Bayesian radiocarbon calibration tool by Ramsey [1995] , and are available online at www.rlaha.ox.ac.uk/orau/index.htm. Radiocarbon ages that were calibrated included those reported by McGill and Rockwell [1998] , as well as those from this study. This was done so that the reported calendar ages are internally consistent between the two studies, since Oxcal uses the calibration curve of Stuiver et al. [1998] , while the dates reported by McGill and Rockwell [1998] were calibrated using the calibration curve of Stuiver and Reimer [1993] . Although the results of the radiocarbon analysis appear to be slightly different between the two programs, the calendar ages do not differ by more that a few decades between the two studies.
[71] One of the problems inherent in using detrital charcoal is that for several reasons, the sample represents the maximum age of the layer from which it was collected. First, there is a residence time in the environment between the time that the plant material stops exchanging carbon with the atmosphere and the time that the material is deposited in a sedimentary layer. Additionally, detrital charcoal may be reworked from an older source and incorporated into a younger deposit, resulting in a radiocarbon age that is older that the true age of the deposit. At the El Paso Peaks site, there is a remarkable consistency between the calibrated radiocarbon ages and the stratigraphic relationships. McGill and Rockwell [1998] only reported three radiocarbon ages that were slightly inconsistent with stratigraphic relationships and the other radiocarbon age determinations.
[72] In this study, four of the seven samples submitted for AMS dating were from units stratigraphically lower than units previously dated. Table 1 and Figure 18 show that samples EPPT2-65, EPPT2-53, EPPT2-80, and EPPT2-92 all yielded results that were consistent with the stratigraphic relationships and previous dating results. Samples EPPT2-65 and EPPT2-53, from units 240 and 254, respectively, yielded calendar dates that are virtually identical to dates determined for the event K fissure and unit 236. Sample EPPT2-92, with a calendar age of 5320-4960 B.C., was collected from unit 376, one of lowermost units in the trench, giving us a dated stratigraphic section of more than 7000 years.
[73] We also submitted two samples from units previously dated in order to investigate whether the radiocarbon ages would be consistent with those already determined. Sample EPPT2-21 from unit 192, with a calendar age of 2290-1970 B.C., is virtually identical to that of sample EPP-1W-30, from the same unit with calendar dates of 2150 -1940 B.C. Likewise, samples from unit 216 have similar dates, with calibrated ages between 2580 and 3000 B.C. Finally, a detrital charcoal sample (EPPT2-63) from unit 218 was dated and yielded a stratigraphically consistent age when compared with units above and below it.
[74] In conclusion, we feel that the radiocarbon ages are a reliable indicator of unit ages at this site, in terms of both their relative order in the stratigraphy and internal consistency from within the same unit. Thus we will assume that the calibrated radiocarbon ages are a reasonable approximation of the true unit age, and these ages will be used in the discussion of our event chronology in the next section. The fact that the dates are internally consistent with their stratigraphic order and with other dates from the same layer does not preclude the possibility that all of the dates could overestimate the depositional ages of the layers by a relatively uniform lag time. However, projection of the sedimentation rate to the ground surface suggests that this lag time is probably only about 100-200 years at this site (Figure 19 ).
Layer Dates
[75] One of the problems inherent with radiocarbon dating is that the dendrochronological calibration curves used to convert the 14 C ages to calendar dates can result in multiple date ranges due to the natural variability of the 14 C/ 12 C ratio in the atmosphere. This presents a problem when using dates from several individual units that have overlapping calibrated calendar distributions. An example of this can be seen in Figure 18 , particularly for dates from units 26a-118, where each calibrated date distribution from a unit overlaps with an age range from one or more adjacent dated units.
[76] A quantitative method for refining calibrated 14 C date distributions has been developed for paleoseismic applications by Biasi and Weldon [1994] and successfully applied to three sites along the San Andreas fault: Wrightwood and Pallet Creek [Biasi and Weldon, 1994] , and Pitman Canyon [Seitz et al., 2000] . The Bayesian layer dating method reweights the overlapping calibrated date distributions to conform to constraints such as stratigraphic superposition, historical records, and sediment deposition or peat growth rates. The usual result of applying this method is to shift probability to one peak of a multimodal distribution and reduce the variance (see Biasi and Weldon [1994] for a detailed explanation).
[77] We decided to investigate the effects of using the Bayesian layer dating method on the radiocarbon ages obtained at the El Paso Peaks site to observe whether the age determinations for the units (and consequently our event chronology) would be significantly affected by the application of this method. We used Oxcal and applied a stratigraphic ordering constraint on the radiocarbon dates from the El Paso Peaks site. Figure 18 and Table 1 are the results of this analysis showing the raw calibrated distributions (priors) and the age distributions after application of the Bayesian approach (posteriors).
[78] Several statements can be made about the effectiveness of this method when applied to the radiocarbon dates at El Paso Peaks site. First, nonoverlapping distributions tend to change little, or not at all. An example of this is the prior and posterior distributions for units 374 and 316, with distributions that are nearly identical. This should come as no surprise, since stratigraphic ordering using the Bayesian technique forces order only where the date distributions overlap. .D. 1520 -1590, 1620 -1700, 1720 -1880, 1910 -1960 A [79] While the date refinements did not change where there were no overlapping distributions, this was not the case for the dates that shared the same age range. Figure 18 shows that for units 26a-114, the age distributions are clearly reweighted to conform to stratigraphic ordering, with stratigraphically higher units having younger age distributions and stratigraphically lower units occupying the older part of their original age range. The results of applying this method are tighter age estimates for all events that are presented in Table 2 .
Timing and Recurrence of Faulting Events
[80] The El Paso Peaks site is one of the only sites along the Garlock fault where the timing of individual faulting events has been established. In this study, we have revised the timing of events from McGill and Rockwell [1998] using the new radiocarbon dates and the recalibrated radiocarbon ages from Trench 1. Table 2 presents the timing of the six well-resolved faulting events using three different methods: (1) bracketing of the radiocarbon ages, (2) ages obtained from the Bayesian dating refinements using Oxcal, and (3) interpolating the age of the faulting event from the sedimentation rate defined by the radiocarbon ages.
Event Ages
[81] Bracketing of radiocarbon samples is the most straightforward and conservative method to estimate the ages of faulting events. The maximum possible age of an event is given by the oldest part of the calibrated 2-sigma age range of the youngest sample below the event horizon. The minimum age for the event is given by the youngest part of the 2-sigma calibrated radiocarbon age from the youngest sample from the first dated layer above the event horizon. Table 2 shows that the bracketing of calibrated radiocarbon dates leads to poorly constrained age estimates with uncertainties ranging from as little as 200 years to as Figure 19 . Variation of calibrated radiocarbon dates with stratigraphic depth. Errors on the calibrated radiocarbon dates are 2-sigma. The curve connecting the solid circles connects the best estimates of the radiocarbon ages, providing the sedimentation rate. The dashed lines give the 2-sigma error envelope on the sedimentation rate. much as 1300 years. Our estimates for the age of faulting events are consistent with those reported by McGill and Rockwell [1998] , although there are minor differences of a few decades for some events between the two studies. These differences can be attributed to the use of a different calibration curve and calibration program between the two studies.
[82] The use of layer dates that have been refined using the Bayesian refinement method leads to some reduction of uncertainty in the event ages. Uncertainties in the event ages for events U, R, and Q are only better constrained by one or two centuries. Some events, such as K and F, do not show any significant reduction of uncertainty due to the lack of other radiocarbon dates to provide additional ordering constraints.
[83] Following the technique described by McGill and Rockwell [1998] , we obtain our preferred estimates for the timing of faulting events by using the sedimentation rate defined by the radiocarbon ages and comparing that to the stratigraphic position of the event horizon. This method is an effective way to interpolate the age of faulting events since, in addition to the radiocarbon ages, it takes into account the rate of sedimentation at the site to provide an estimate of the timing of events.
[84] Figure 19 is a plot of the calibrated radiocarbon ages versus the stratigraphic depth of the unit from which they were collected. This plot is very similar to that given by McGill and Rockwell [1998] , except we have updated it to take into account the new stratigraphic section exposed in trench 2. The approach results in event ages that are much better constrained than using radiocarbon ages alone, with the uncertainties associated with individual faulting events reduced by several hundred years. For example, event U has a ''bracketed'' age between A.D. 420 and 1420. The age estimate using the interpolated sedimentation rate is much more tightly constrained, with an event age sometime between A.D. 675 and 950. Table 2 summarizes the results of using this method.
[85] The disadvantage of this method is that alternative sedimentation rate histories between the stratigraphic level of the radiocarbon dates are possible, which would lead to different preferred ages. For this reason, Table 2 also presents the event ages derived from the bracketing of radiocarbon dates. However, we feel that this method provides a reasonable approach to taking into account the time represented in the stratigraphy, expressed as numerous individual units, between the radiocarbon dates. Although there is no guarantee that the sedimentation rate was constant between each stratigraphically adjacent radiocarbon date, this method provides a less arbitrary best estimate than simply taking the midpoint of the bracketing ages.
Recurrence at the El Paso Peaks Site
[86] Table 2 lists the recurrence intervals between earthquakes at the El Paso Peaks site, calculated from our preferred event age estimates. At the El Paso Peaks site, individual recurrence intervals appear to be highly variable. The minimum preferred recurrence interval is 215 years, between events Q and R, while the maximum interval is between events K and Q and is over 3000 years. We calculate the average recurrence for the six well-resolved events to be 1280 years.
Discussion and Conclusions
Uncertainties in Event Interpretation
[87] In any paleoseismological study there is a possibility of underinterpretation and overinterpretation of the event chronology. At the El Paso Peaks site, the numerous individual playa beds have allowed for remarkable resolution of the record of paleoearthquakes in the stratigraphy. Events W, U, R, Q, K, and F are all extremely well resolved events, and we have presented numerous examples of evidence for each of these events; thus we feel that our event chronology is not overinterpreted.
[88] We leave open the possibility that there may be additional events, with predominantly lateral slip, that we were unable to resolve in the stratigraphic record. However, the lack of fissures or zones of disturbance, common on faults with purely lateral slip, which terminate at a consistent stratigraphic level, makes this seem unlikely. Furthermore, since the site occupies a small pull-apart basin, we feel that any large, surface-rupturing earthquake along this part of the fault should cause a lowering of the playa surface due to extension within the basin. This extension should be expressed in the stratigraphy as units that buttress against paleoscarps, which we have identified as our most robust form of event evidence. The lack of any additional features such as this that we have not discussed increases our confidence that we have a complete event record at the El Paso Peaks site.
[89] The possibility of underinterpretation can also occur because of site conditions, specifically events that occur during periods of nondeposition on the playa. At the El Paso Peaks site, the most likely time that this occurred was between A.D. 100 and 2100 B.C., when the sedimentation rate on the playa was unusually low (Figure 19 ). Despite this relatively low sedimentation rate, the individual stratigraphic units within this time interval (units 190-166) are both thin, many of which are only a couple of centimeters thick, and distinct ( Figure A1 ). This suggests that even in the time of low sedimentation rates, individual units were still being deposited faster than processes such as bioturbation, soil formation, as well as playa surface deflation, which would diminish our ability to recognize events. Thus we feel that it is very unlikely that additional events, which may have occurred, would be missed if it had ruptured through the area where our trench was located. Furthermore, a close examination of the fault zones in trench 2 reveals no compelling evidence for shear zones or faults that terminate within this stratigraphic interval that would indicate repeated surface rupture.
[90] Another factor that could lead to missing events is that the step-over we trenched across may be an ephemeral feature that has only existed for the past several earthquakes. At some point in the past, the step-over may have not existed and earthquakes may not be expressed as well in the geologic record, due to faults with little vertical component of slip. Certainly, the two oldest events we identified appear to have less of a vertical component of slip when compared with the four most recent earthquakes, suggesting that the step-over may have evolved more recently. However, the stratigraphic section over which the two oldest events (K and F) are exposed in our trench is much less than that for events W, U, R, and Q. Thus there are fewer opportunities to observe evidence related to these events, so the interpretation that there was less of a vertical component of slip during events F and K is biased. At the El Paso Peaks site, the relations exposed in the trench, as well as the geomorphology surrounding the site, show that the playa that we trenched across is a structurally controlled basin, related to a left step in the Garlock fault. We surmise that the playa deposits reflect deposition into this basin and that their age is a minimum constraint on the age of the pullapart basin. Consequently, we feel that we should not be missing any events due to an evolving step-over in the Garlock fault during the past $7000 years.
[91] Additional events, with evidence located on fault strands that we have not yet trenched across, could also be missed. However, we feel that this is unlikely since, in general, faulting from events usually is distributed across a wide zone and our trench intersects most of the faults that cross the playa. Also, the stratigraphy at the southernmost end of trench 2 is nearly horizontal, indicating that there has been little folding of these units. We believe that at latitude of trench 2, most of the vertical component of slip due to the pull-apart basin is along the faults north of meter 21. Therefore, if the basin does subside during every event, then we should capture a complete record of paleoearthquakes within trench 2.
Regional Clustering of Earthquakes in the Mojave Desert
[92] The recurrence intervals using the interpolated event ages calculated at the El Paso Peaks site suggest that the central Garlock fault produces large surface-rupturing earthquakes irregularly through time, rather than quasi-periodically. Rockwell et al. [2000] present evidence for the temporal clustering of earthquakes on faults in the Eastern California Shear Zone (ECSZ), in the Mojave Desert. On the basis of paleoseismic trenching conducted after the 1992 Landers earthquake, they identified three clusters of earthquakes within the last 10,000 years, with relatively quiescent interseismic intervals. These earthquake clusters are centered around 0 -2, 5 -6, and 9 -10 ka.
[93] Figure 20 , modified from Rockwell et al. [2000] , shows these clusters as a function of moment release over time, for the nine faults or fault segments included in their study. The width of the probability density function reflects Rockwell et al. [2000] . Thinner curves are Garlock events from the El Paso Peaks site. Area beneath each curve scales to moment release, and the shape is error function based on age control. Modified from Rockwell et al. [2000] . the error in the event age estimate. The area under the curve is scaled to the seismic moment release of the event, which was estimated by Rockwell et al. using the estimated average slip along the fault, the fault length, and a seismogenic depth of 13.5 km. The bold curve is the summed seismic moment release over time for all of the events from Rockwell et al. shown in Figure 20 .
[94] We plotted the preferred ages of the six well-resolved paleoearthquakes identified from the El Paso Peaks site to see if there is a correlation between the clustering observed for the Mojave faults and the irregular recurrence seen for the central Garlock fault (Figure 20) . The event age estimates are based on the event ages using the interpolated sedimentation rate and the 2-sigma error envelope of the sedimentation rate. To estimate seismic moment for each event, we assume a rupture length of 105 km, the length of the central Garlock fault. The depth is assumed to equal 13.5 km, the centroid depth for the 1999 Hector Mine earthquake [Scientists from the U.S. Geological Survey et al., 2000] , which is a reasonable depth for the Mojave Desert region. This depth is also similar to the 13 km maximum depth of microseismicity reported by Sibson [1984] for this area. Average slip is assumed to be 7 m for each event, with the exception of event R, which we assumed to be a smaller event based on the geomorphic offsets measured by McGill and Sieh [1991] . We use an average slip value of 4 m for event R.
[95] Figure 20 shows that earthquake recurrence for the last six events on the central Garlock fault appears to be coincident with the two most recent clusters of earthquakes observed for the Mojave faults. Even more intriguing is the apparent quiescence of the Garlock fault during the same period of inactivity for the faults in the southwestern Mojave Desert, studied by Rockwell et al. [2001] .
[96] While it is not clear whether the apparent clustering of earthquakes for the Garlock fault and faults of the ECSZ are related, it is appealing to relate the two clusters, especially since the paleoseismic record at the El Paso Peaks site for the past 7000 years appears to be complete. In other regions, examples of regional clustering have been observed historically during the nineteenth and twentieth centuries, including sequences of earthquakes in the central Nevada Seismic Belt [Wallace, 1984] , Mongolia [Baljinnyam et al., 1993] , and the North Anatolian fault, in Turkey [Barka, 1996] . Some of these examples of clustering may be attributed to earthquake stress triggering, such as along the North Anatolia fault in Turkey [Stein et al., 1997] . Other examples of clustering, such as the regional clustering observed in Mongolia, may indicate an unknown or poorly understood process of regional strain accumulation and seismic moment release. Perhaps such a process underlies the Mojave Desert region, although the geologic data for other faults in the region are still too sparse to make more than a loose connection.
[97] Recent work by Peltzer et al. [2001] that uses synthetic aperature radar data from 8 years of observations collected in the ECSZ between 1992 and 2000 provides an intriguing result with important implications toward the Garlock fault. Peltzer et al. [2001] observe a 120-kmlong, 20-km-wide zone of concentrated right-lateral strain accumulation between the southern end of the 1872 Owens Valley earthquake fault zone and 1992 Landers rupture zone. They also note that most of this strain accumulation is concentrated along the Blackwater-Little Lake fault zone that extends both north and south of the Garlock fault, and shows an inferred slip rate that is approximately three 3 greater than the estimated geological slip rates would suggest. During the same period of observations, they identified no resolvable left-lateral shear along the Garlock fault, in contrast to geologic studies that show an $7 mm/yr slip rate over the last $10,000 years [McGill and Sieh, 1993] . Peltzer et al. [2001] postulated that these observations could be attributed to a mechanical interaction between two conjugate fault systems and suggest that at least during the period of observation, the Garlock fault and faults within the ECSZ do influence each other.
[98] These results could cast doubt on our proposed correlation of Garlock fault and ECSZ earthquake clusters. If the results of Peltzer et al. [2001] are a product of an oscillatory strain pattern between these two fault systems, then one might expect that Garlock events should be out of phase with earthquakes in the ECSZ instead of being in phase, as we propose. Another possibility is that the 8 years of observations are a short-term variation, perhaps influenced by the 1992 Landers and 1999 Hector Mines earthquakes, and are not representative of the pattern of strain accumulation in the region over periods of several decades to centuries. Clearly, there is a need for paleoseismic data from the Blackwater-Little Lake fault system in order to assess whether our proposed clustering of Garlock fault-ECSZ events is real or coincidence, since it is this fault system that should most directly influence or be influenced by the Garlock fault.
[99] The results of the study by Peltzer et al. [2001] also have several additional implications for the behavior of the Garlock fault and the results of this study. First, despite the irregular recurrence of earthquakes during the past 7000 years, the likelihood of a large-surface rupturing earthquake along the central Garlock fault in the near future may be relatively low. Our results indicate that the most recent surface-rupturing earthquake occurred between 360 and 540 years ago. This is much less that the average recurrence of 1280 years that we calculate from our data. Since recurrence along the Garlock fault appears to be highly irregular, it would be highly speculative to use average recurrence and the elapsed time since the most recent event as a proxy to estimate the potential of an earthquake in the future. However, when considered with the evidence presented by Peltzer et al. [2001] that the Garlock fault has no resolvable strain accumulation during their period of observation, one could argue that the probability of a large earthquake in the near future is low, at least in the near future. Still, there remain many questions, some of which are as follows: When did this pattern of regional strain accumulation begin, and how is it related to the large, historical earthquakes that have occurred within the ECSZ? Will this behavior continue in the future and eventually decay with time? If a large earthquake on the BlackwaterLittle Lake fault system occurs, will the Garlock fault begin to accumulate strain again, or will the Blackwater-Little fault system continue to dominate over the Garlock fault in the future? These questions are especially pertinent since if this a short-term phenomena, then it will probably have little effect on the behavior of the Garlock fault over longer time spans such as many decades or centuries. An additional question that is raised is whether this oscillatory strain pattern between the Garlock and Blackwater-Little Lake fault systems occurred in the past. From the perspective of the paleoseismologist, this question is one that can be potentially addressed through comparison of paleoseismic records collected along the Garlock and Blackwater-Little Lake fault system, again reemphasizing the need for additional paleoseismological studies, especially along the littlestudied Blackwater fault.
Conclusions
[100] The El Paso Peaks site has provided a remarkable record of paleoearthquakes for the last 7000 years. This study has significantly added to and refined the event chronology at the El Paso Peaks site. We document six well-resolved events, designated as events W, U, R, Q, K, and F. Previous work by McGill and Rockwell [1998] demonstrated evidence for five well-documented surfacerupturing earthquakes (events Y, W, U, Q, and K), along with weaker evidence for three additional events (events S, O, and M) within the last 5000 years. A reevaluation of the event evidence shows that a previously identified event (Y) was misinterpreted, and is probably faulting related to event W. Of the three events with weaker evidence exposed in the previous study, none have been expressed in any of the additional exposures that have been cut, thus decreasing our confidence that these are actual paleoearthquakes.
[101] We tried three different techniques in order to constrain the age of faulting events at the El Paso Peaks site. Bracketing of radiocarbon dates from detrital charcoal results in large uncertainties of the timing for faulting events. A layer-date refinement technique using Bayesian statistics also did not substantially help to decrease the event age uncertainties, since we have too few radiocarbon dates. Interpolation of the sedimentation rates using the radiocarbon ages provides the basis for our preferred event ages.
[102] The preferred event ages indicate that earthquake recurrence is highly variable at the El Paso Peaks site, with individual intervals ranging from as little as 215 years to as many as 3300 years. This suggests that the central Garlock fault produces large, surface-rupturing earthquakes that are clustered rather than occurring in a quasi-periodic manner. Comparison with paleoseismic data from the Eastern California Shear Zone suggests that the long aseismic interval between the past two clusters of earthquakes along the central Garlock fault may be coincident with an aseismic time period for the faults of the ECSZ [Rockwell et al., 2000] . Our analysis shows that there may be a more fundamental physical process underlying the behavior of the central Garlock fault. This poorly understood process might be related to the temporal and spatial clustering of earthquakes observed for faults in the Eastern California Shear Zone.
